Abstract. The present study evaluated the use of saliva surface-enhanced Raman spectroscopy (SERS) for the detection of non-invasive nasopharyngeal carcinoma (NPC). SERS measurements were taken from 62 saliva samples, of which 32 were from NPC patients and 30 from healthy volunteers. Notable biochemical Raman bands in the SERS spectra were tentatively assigned to various saliva components. The saliva SERS spectra obtained from the NPC patients and the healthy volunteers were also analyzed by multivariate statistical techniques based on principal component analysis and linear discriminant analysis (PCA-LDA). Significant differences were observed between the saliva SERS spectral intensities for NPC patients and healthy volunteers, particularly at 447, 496, 635, 729, 1134, 1270 and 1448 cm -1 , which primarily contained signals associated with proteins, nucleic acids, fatty acids, glycogen and collagen. The classification results based on the PCA-LDA method provided a relatively high diagnostic sensitivity of 86.7%, specificity of 81.3% and diagnostic accuracy of 83.9% for NPC identification. The results from the present study demonstrate that saliva SERS analysis used in conjunction with PCA-LDA diagnostic algorithms possesses a promising clinical application for the non-invasive detection of NPC.
Introduction
Nasopharyngeal carcinoma (NPC) is considered to be an endemic carcinoma in Southern China, and Fujian has one of the highest incidence rates (1). The 5-year overall survival rate ranges between 84 and 90% for early-stage NPC patients (2) , whereas advanced stages have a poor 5-year overall survival rate of 30.3-73.6% (3) . Therefore, early detection and diagnosis are critical to prevent the advancement of NPC and improve the 5-year overall survival rate. At present, diagnostic methods for NPC include blood tests, flexible fiber-optic nasopharyngoscopy, chest computed tomography (CT), nasopharyngeal and neck magnetic resonance imaging, bone emission CT, body position emission tomography (PET) and pathological biopsy, which are invasive, inconvenient and time-consuming, and the interpretation of results relies on the experience of the physician (4-7). For example, pathological biopsy usually involves chemical staining, and CT or PET examination usually requires. These diagnostic methods may alter the native physiological status of the patient (8) . In addition, the diagnostic methods do not achieve an ideal diagnostic sensitivity and specificity. Therefore, obtaining a diagnostic tool for NPC that may overcome the disadvantages observed with other diagnostic methods is imperative.
Raman spectroscopy (RS) is a unique vibrational spectroscopic and non-invasive laser-based analytical technique that aids biochemical component analysis. RS is based on the molecular vibrations that are specific to certain types of biomolecules, including proteins, nucleic acids and lipids (9) . In previous years, there has been an increasing focus on the biomedical applications of RS, including the application of RS for oncology diagnosis to detect the differences between normal and malignant tissue in diseases including lung, colonic, bronchial and skin cancers (10) (11) (12) (13) . However, Raman scattering is a weak process, with 1 out of 10 6 -10 8 photons becoming inelastically scattered (14) . In addition, the strong autofluorescence background caused by optical components Non-invasive detection of nasopharyngeal carcinoma using saliva surface-enhanced Raman spectroscopy severely interferes with the detection of a weak Raman signal (15) . These complications hinder the clinical application of RS.
With the advent of nanotechnology and its application in medicine, surface-enhanced RS (SERS) has emerged to solve the challenges encountered with RS (16) . SERS enhances the Raman signal by 10 9 -10 14 times, due to the analytes becoming absorbed by or becoming close to a roughened coinage metallic surface or nanoparticles (16) . Furthermore, the strong autofluorescence background is greatly reduced, due to the absorption of molecules on the metal nanoparticles (17, 18) . The advantages of SERS establish the technique as a promising candidate for analyzing biomolecules, including DNA, cells, viruses and bacteria (19) (20) (21) (22) . In addition, a number of studies have demonstrated successful results concerning SERS application for oncology diagnosis, which have ideal diagnostic sensitivities, specificities and accuracies (23) (24) (25) . The most common samples taken for SERS diagnosis in oncology are blood, tissue, cells, DNA and RNA. For NPC detection, blood and tissue are the samples most likely to be taken (18, 25) . However, the obtainment of these human samples during carcinoma diagnosis, treatment and follow-up is invasive and inconvenient. This leads to the consideration of whether there is a more convenient sample for the diagnosis of NPC using SERS.
In cancer patients, the composition and structure of biomolecules in human saliva alter, due to the apoptosis and necrosis of cells (26) . In addition, saliva samples may be collected non-invasively, quickly, repeatedly and economically. To the best of our knowledge only 2 studies have outlined the efficiency of saliva SERS diagnosis of oral and lung carcinoma (27, 28) . However, the studies assessed a limited number of carcinoma samples, consisting of 4 oral carcinoma patients and 21 lung carcinoma patients. Recently, Feng et al combined membrane protein purification with SERS in NPC patient saliva analysis (29) , which achieved a diagnostic accuracy of 90.2%, sensitivity of 91.9% and specificity of 76.7%. However, the present study only analyzed the proteins in saliva, which is only one of the numerous components contained in saliva, leading to a loss of diagnostic information associated with the alteration of biochemical components in NPC patient saliva. Furthermore, the diagnosis or screening of carcinomas requires convenience and haste, whereas membrane protein purification, performed by Feng et al, increased the complexity of the saliva SERS methodology.
The aim of the present study was to explore the implementation of the saliva SERS method to differentiate NPC patients from healthy volunteers. Multivariate statistical techniques, including principal component analysis (PCA) and linear discriminant analysis (LDA), were employed to develop diagnostic algorithms for differentiation. The receiver operating characteristic (ROC) curve was calculated to additionally evaluate the accuracy of the diagnostic algorithm.
Materials and methods
Preparation of saliva samples and silver (Ag) colloids. Ethical approval was obtained from Fujian Provincial Cancer Hospital (Fuzhou, Fujian, China). The saliva samples of 32 patients with pathologically-confirmed NPC and 30 healthy volunteers were collected at Fujian Provincial Cancer Hospital. Detailed information concerning the study participants is presented in Table I . The saliva samples were collected as follows: Each participant gargled 3 times prior to breakfast; ~1 ml saliva was obtained from each participant between 7 and 8 am; and the samples were centrifuged at 13,053 x g for ~10 minutes to remove oral epithelial cells and food debris. The pure saliva samples were extracted and stored at -20˚C until required.
Ag colloids were synthesized using a deoxidizing method that was previously reported in the literature (30) . Briefly, 4.5 ml sodium hydroxide solution (0.1 M; Yongda Chemical, Tianjin, China) was mixed with 5 ml hydroxylamine hydrochloride solution (6x10 -2 M; Sinopharm Chemical, Shanghai, China), following which the mixture was added rapidly to 90 ml silver nitrate aqueous solution (1.11x10 -3 M; Shanghai Reagent, Shanghai, China). The solution was stirred until it was uniformly gray. Finally, the Ag colloids were obtained by centrifuging the solution at 6,660 x g for 10 min and discarding the supernatant. The absorption peak of Ag colloids was ~418 nm, with the full width at a half-maximum of ~100 nm. The Ag colloids had a diameter of 35±5 nm [mean ± standard deviation (SD)].
SERS measurements.
The saliva and Ag colloids were mixed in a ratio of 1:1, then a drop of the mixture was transferred onto an aluminum slide (Guantai Metal, Hebei, China) using a pipette and left to dry. The saliva SERS spectra were collected in the range of 400-1750 cm -1 using a confocal Raman micro-spectrometer (Renishaw, Wotton-under-Edge, Gloucestershire, UK). The parameters of the confocal Raman micro-spectrometer were set for a 785 nm diode laser, 2 cm -1 spectral resolution and Leica x20 objective lens (Leica Microsystems GmBH, Wetzlar, Germany) and an acquisition time of 10 sec. The SERS signal was detected with a Peltier cooled charge-coupled device camera (Renishaw, Wotton-under-Edge, UK). For each study participant, 1 saliva sample was analyzed with 3 repeated SERS measurements and the mean was recorded as the final SERS spectrum for subsequent data analysis.
Statistical analysis.
Prior to statistical analysis, the raw spectra required preprocessing in order to remove experimental artifacts. The extraction of a pure Raman signal from the raw spectra involved the removal of the fluorescence background with a multi-polynomial fitting algorithm (31) . All preprocessed SERS spectra were then normalized over an integrated area under the curve (AUC) at 400-1,750 cm -1 to allow an improved comparison of the spectral shapes and Raman band intensities between healthy volunteers and NPC patients. For PCA-LDA analysis, all normalized SERS spectral data sets were analyzed using SPSS software (SPSS, Inc., Chicago, IL, USA).
Often used in combination, PCA-LDA methods provide an efficient method for the data analysis of biological Raman spectroscopic datasets. PCA is a statistical technique for converting data from a higher dimensional space into a lower dimensional space, termed principal components (PCs) (18) . Each PC was associated with the original saliva SERS spectrum by a variable termed the PC score, which represented the weight of the corresponding component. Once the PC scores for the saliva SERS spectra had been calculated, they were used for additional analysis instead of the original data. The most significant PCs were identified by independent-sample t-test, and were retained for the subsequent LDA analysis. P<0.05 was considered to indicate a statistically significant difference. LDA maximized intergroup variance and minimized intragroup variance; therefore ensuring maximum separability between the NPC patients and the healthy volunteers. When combined with PCA, LDA was used to generate a diagnostic algorithm based on the most statistically significant PC scores with leave-one-out, cross-validation procedures. ROC curves were generated by successively changing the discrimination threshold levels to additionally evaluate the classifications of the PCA-LDA-based statistical techniques for NPC diagnosis.
Results

SERS spectra analysis.
The saliva RS and saliva SERS spectra were produced using 1 saliva sample obtained from 1 NPC patient in order to evaluate the effects of the Ag colloid enhancement on the saliva RS. All spectra were measured under the same conditions with low excitation laser power (5 mW) and 10 sec spectral data acquisition time, so as to avoid thermal denaturation of the biomolecular structure and degradation of the protein. The SERS spectrum with Ag colloid and the RS without Ag colloid obtained from the NPC patient are presented in Fig. 1A . It was observed that the intensity of the saliva SERS spectrum is enhanced compared with the intensity of the saliva RS. Few weak Raman peaks were present in the saliva RS without Ag colloid, due to limited detection sensitivity and strong autofluorescence background (Fig. 1A) . When the Ag colloids were mixed with the saliva, the biomolecules of saliva were absorbed to the Ag colloid surfaces; therefore, the weak intensity of the numerous dominant vibration bands were enhanced significantly and the strong fluorescence background was decreased (Fig. 1A) .
The normalized mean of the SERS spectra for the saliva samples of the 32 NPC patients and 30 healthy volunteers is presented in Fig. 1B . The SD of the mean is indicated by shading. The mean SERS spectrum of NPC patient saliva samples had an increased SD compared with the saliva SERS spectrum from the healthy volunteers, which implies that NPC patient saliva samples possess a greater number of constituent variations than the saliva of healthy volunteers. The saliva SERS spectrum of the NPC patients peaks at 447, 496, 590, 635, 729, 812, 888, 1,003, 1,052, 1,134, 1,204, 1,270, 1,336, 1,448, 1,619 and 1,662 cm -1 . These peaks also appeared in the saliva SERS spectra of the healthy volunteers. The strongest peaks at 496, 635, 1,003 and 1,134 cm -1 existed in the patients and the volunteers. The difference in the SERS spectrum between NPC patients and the healthy volunteers (Fig. 1B) demonstrates the significant differences in SERS spectral intensities between the two groups. The intensity of the SERS peaks at 496, 635 and 1,134 cm -1 in NPC patient saliva were weaker than those in healthy volunteer saliva, while the NPC saliva SERS spectrum exhibited increased peaks at 447, 729, 1,003, 1,270 and 1,448 cm -1 compared with the healthy volunteers. The SERS peaks demonstrating the most significant differences between the two groups were located at 447, 496, 635, 729, 1,134, 1,270 and 1,448 cm -1 . Prominent SERS bands were tentatively assigned (Table II) to explore the molecular basis corresponding to the observed saliva SERS spectra (10, 18, (32) (33) (34) (35) (36) (37) . The saliva SERS spectra of NPC patients was similar to that of healthy volunteers, but the key difference between the spectra were the intensity variations of the peaks indicating a biochemical variance during NPC formation. PCA-LDA analysis. PCA-LDA methods were used to analyze and differentiate saliva SERS spectra between NPC patients and the healthy volunteers in order to use the information gathered from the whole spectrum. The PC scores were calculated by PCA as variables for one independent-sample t-test. In total, 3 PCs (PC1, PC3 and PC14) were revealed to be the most diagnostically significant (P<0.05) for detecting NPC patients. Based on various combinations of significant PCs (PC1 vs. PC3; PC1 vs. PC14), scatter plots were generated to compare NPC patients and healthy volunteers (Fig. 2) . The NPC patient scores (triangles) and healthy volunteer scores (circles) were distributed in 2 separate directions, and the distribution of the healthy volunteer scores was narrower than that of the NPC patients for PC3 and PC14 ( Fig. 2A and B) . A three-dimensional scatter plot using PC1, PC3 and PC14 as the 3 axes is presented in Fig 3. LDA with leave-one-out and cross-validation procedures was subsequently used on the three most significant PCs (PC1, PC3 and PC14) to generate diagnostic algorithms. A diagnostic sensitivity of 86.7 and 68.8%, with a specificity of 80.0 and 68.8%, could be achieved for the NPC patients and the healthy volunteers, respectively, when the separation lines, which classified NPC patients from healthy volunteers, were set in Fig. 2A-B . Posterior probability values of the healthy volunteers (circles) and NPC patients (triangles) were additionally calculated using a LDA model, as presented in Fig. 4A . When the discrimination threshold was set at 0.5, the diagnostic sensitivity and specificity for distinguishing NPC patients from healthy volunteers was 86.7 and 86.7%, respectively. The diagnostic accuracy of the PCA-LDA-based diagnostic model for NPC detection was quantified by plotting a ROC curve (Fig. 4B) . The ROC curve combined the diagnostic sensitivity with the diagnostic specificity, which could indicate the association between sensitivity and specificity at various cutoff values of the probability. By changing the discrimination threshold in Fig. 4A , the diagnostic sensitivity may vary with the specificity in ROC curves. The AUC of the ROC curve was a measure of the diagnostic accuracy. An AUC of 1 represented a perfect test for discrimination between NPC patients and healthy volunteers, and an AUC of 0.5 indicated an ineffective test. Therefore, the closer the AUC was to 1, the greater the diagnostic capacity. By plotting the sensitivity against specificity, the present study demonstrated an AUC of 0.918, which was associated with an overall diagnostic accuracy of 83.9%, sensitivity of 86.7% and specificity of 81.3%. These results confirmed the outstanding diagnostic accuracy of the PCA-LDA-based diagnostic algorithm for NPC detection.
Discussion
The present study demonstrated that specific biomolecular differences between the saliva of NPC patients and the saliva of healthy volunteers could be detected using SERS spectra. Furthermore, saliva SERS analysis combined with PCA-LDA diagnostic algorithms could achieve a high diagnostic accuracy, indicated by a sensitivity of 86.7%, specificity of 81.3% and accuracy of 83.9%, demonstrating the potential for the application of saliva SERS in NPC diagnosis. Numerous biomolecules, including proteins, lipids and nucleic acids, may be altered in quantity or confirmation, due to the alterations in metabolic processes during NPC formation. The molecular vibrations specific to certain types of these biomolecules may be reflected in SERS spectra, as reported in Table II . The SD of the mean for saliva SERS spectrum of the NPC patients was larger than that of healthy volunteers (Fig. 1B) , possibly due to the alterations in saliva constituents in each patient as a result of the various disease stages of patients. In addition, a similar spectrum existed between the saliva of NPC patients and healthy volunteers; the major differences were the intensity of the peaks, indicating that the quantity of biomolecules varied with NPC formation. In the present study, the SERS peak centered at 729 cm -1 , which is the C-H in-plane bending mode of adenine, demonstrates a higher intensity in the NPC patients, indicating that the amount of DNA or RNA in the saliva of NPC patients was increased. There were other peaks in the spectra presented in Fig. 1B , at 1336 and 1662 cm -1 , that indicated nucleic acid presence. The current study revealed that circulating DNA mainly resulted from apoptosis of carcinoma cells and necrosis in the tumor microenvironment. The secretion of tumor tissue, necrosis and apoptosis of tumor cells results in the debris being engulfed by macrophages, which releases digested nucleic acids (38) . Furthermore, NPC is located near to the oral cavity, where metabolites, including DNA, RNA or proteins, may be drained to the saliva. Feng et al reported results similar to the findings demonstrated in the present study (18, 39) .
Collagen is the main component of all types of human tissue and is important in the formation and stability of the extracellular matrix and basal membrane (ECM-BM). Previous studies confirmed that the structural integrity of the ECM-BM was closely associated with carcinoma formation, development, invasion and prognosis of the patient (40, 41) . In various carcinomas, the BM usually becomes thin and easily degrades, releasing collagen into the surrounding environment. Therefore, in the present study, the SERS band at 1,448 cm -1 , which originates from the CH 2 bending mode of collagen, demonstrated an increased signal in NPC patient saliva compared with the saliva of healthy volunteers. This peak was also observed in other studies (18, 39) .
Phenylalanine demonstrated a strong SERS peak of 1,003 cm -1 , which is assigned to a C-C symmetric stretch. The 1,003 cm -1 SERS signal was more intense in the saliva of NPC patients, suggesting that NPC patient saliva possesses a relatively higher content of phenylalanine compared with healthy volunteers. This finding has also been confirmed in lung carcinoma tissue (10) . The tumor cell proliferation process consumes energy, and in the majority of tumor cells there is a rise in glycometabolism, which maintains survival, growth, invasion and metastasis of the tumor cells, leading to a lower glycogen threshold. In the current study, the SERS signal for glycogen was ~1,134 cm -1 and D-mannose was 496 cm -1 . These were decreased in NPC patient saliva compared to healthy volunteer saliva, demonstrating that glycometabolism in NPC patients was more vigorous. Tumor cells demonstrate extremely high endogenous fatty acid synthesis, regardless 
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of the level of circulating fatty acids. Circulating fatty acids may directly promote tumor cell growth and metastasis (42) . The characteristic SERS peak attributed to the C-C waver mode of fatty acids was 1,270 cm -1 in the present study. The present study findings demonstrated that the NPC patient saliva was associated with an increased level of fatty acids. In addition, as compared to the healthy volunteers, the saliva SERS bands of the NPC patients revealed lower intensities at 635 cm -1 (tyrosine) and 812 cm -1 (L-serine), and a higher intensity at 1619 cm -1 (tryptophan); therefore, demonstrating an increase or decrease in the levels of certain amino acids. The distinctive difference in SERS spectra between NPC patients and healthy volunteers reinforced that saliva SERS could be used to reveal molecular alterations associated with NPC formation.
Carcinoma formation is a long-term, multi-stage, dynamic process. During tumor development, minor alterations in tumor cells may bring about a corresponding variation in metabolites. Therefore, using metabolomics may lead to a higher diagnostic sensitivity in the early diagnosis of carcinoma (43) . The metabolic spectrum contains information concerning all metabolites during carcinoma formation. In the present study, SERS spectra analysis only used certain regions of the spectrum; therefore, multivariate statistical analysis (PCA-LDA) was used, which incorporated the entire Raman spectra data for analysis. In the current study, Figs. 2 and 3 demonstrated that the PC scores of the NPC patients and healthy volunteers were distributed in 2 separate directions, revealing that the NPC patients could be easily differentiated from the healthy volunteers. The PCA-LDA modeling provided a diagnostic sensitivity of 86.7% and a specificity of 81.3%. The ROC curve (Fig. 4B ) of PCA-LDA modeling (AUC=0.918) was associated with an overall diagnostic accuracy of 83.9%, which verified that the saliva SERS spectra integrated with a PCA-LDA algorithm provides a good diagnostic efficacy. Overall, these results confirmed that saliva SERS spectra could be used for early NPC detection, due to the excellent diagnostic performance.
In summary, the present study revealed significant differences in saliva SERS spectra between NPC patients and healthy volunteers, and tentative assignments of the prominent SERS bands were associated with proteins, nucleic acids, fatty acids, glycogen and collagen. Furthermore, the PCA-LDA methods employed to classify SERS spectra for NPC identification demonstrated a good diagnostic sensitivity of 86.7%, specificity of 81.3% and accuracy of 83.9%. These findings identify that saliva SERS used in conjunction with a PCA-LDA algorithm is feasible for the non-invasive detection of NPC. Additional studies may continue to evaluate saliva SERS data, in order to confirm the utility of this novel, convenient carcinoma diagnostic method and may investigate this method for tumor stage detection.
